Carbon dioxide has been shown to be an effective antisolvent gas for separating organic compounds from ionic liquids (ILs) by inducing a liquid-vapour to liquid-liquid-vapour transition. Using carbon dioxide, toluene can be separated from imidazolium, phosphonium and pyridinum cation-based ILs with the bis(trifluoromethylsulfonyl)imide anion, which is relatively hydrophobic and has a high toluene solubility. A new IL with relatively low viscosity is tested here for the same toluene separation process: 1-n-butylthiolanium bis(trifluoromethylsulfonyl)imide. Carbon dioxide solubility in binary and ternary systems containing toluene and 1-n-butylthiolanium bis(trifluoromethylsulfonyl)imide is measured at 298.15 and 313.15 K up to 7.4 MPa. Solubility behaviour in this IL is similar to imidazolium-based ILs with the same anion. However, phase split pressures are lower when 1-n-butylthiolanium bis (trifluoromethylsulfonyl)imide is used instead of 1-n-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide at the same conditions of temperature and initial composition of toluene in the IL. Solubility data are modelled with the conductor-like screening model for real solvents combined with the SoaveRedlich-Kwong equation of state, which provides good qualitative results. 
Introduction
CO 2 is the most common gas used for supercritical processes and it is extensively studied in the literature, predominantly for its performance as an extraction solvent [1, 2] , reaction medium [3, 4] and antisolvent for crystallization [5] , among many other important applications. Some of the characteristics that make CO 2 an interesting solvent are its low cost, non-flammability and non-toxicity [6] . CO 2 is linear and non-polar, but its quadrupolar moment confers on it a slightly polar nature. Thus, it can dissolve both non-polar and low polarity compounds under liquid or supercritical conditions, but is not a good solvent for high molecular weight, strongly polar or ionic compounds [6, 7] . CO 2 solubility in liquids under sub-or supercritical conditions is classified by Jessop & Subramaniam [8] into three classes: class I contains liquids with a small capacity to dissolve CO 2 ; class II contains solvents that absorb a large amount of CO 2 , including common organic compounds; and, finally, class III contains solvents with medium capacity for dissolution of CO 2 , including ionic liquids (ILs). It is also observed that solvents with a high capacity for CO 2 show a larger volume expansion compared with those with lower solubility. The solubility of CO 2 in the liquid phase and volume expansion as CO 2 is absorbed are crucial parameters for the selection of a good solvent in gas antisolvent processes [9] .
Near critical or supercritical CO 2 solubility in binary liquid mixtures is quite more complex than in pure liquids and has to be analysed in different scenarios. Adrian et al. [10] reviewed ternary systems composed of CO 2 + water + hydrophilic organic compounds. When water is mixed with a highly hydrophilic compound, such as methanol, and CO 2 at a subcritical temperature, a second liquid phase can be induced by the condensation of CO 2 . As the pressure of the system is increased, the methanol partitions into the three phases, i.e. liquid-liquid-vapour (LLV) equilibrium. A similar LLV behaviour is observed when the polarity of the organic is slightly lower (e.g. 1-propanol) at a supercritical temperature. In this case, at a certain pressure, a second liquid phase can be formed by 'salting-out' the organic compound. For the same system at a subcritical temperature, up to four phases can be observed: water-rich, organic-rich, liquid CO 2 -rich and vapour phases. Peters & Gauter [11] showed that phase behaviour in binary and ternary systems including CO 2 + n-alkane + 1-alkanol shows large changes by just replacing one of the solvents with a very similar molecule. For instance, a LLV equilibrium surface is observed but the liquid-vapour (LV) area is increased when there is a shorter alkyl chain in the 1-alkanol. Generally, in this kind of ternary system, the molecular dissimilarity between the CO 2 and the liquid solvents results in the appearance of a second liquid phase.
ILs are typically defined as molten salts below 373 K but a large number of them are liquids at ambient conditions and are called room temperature ILs. Some of the characteristics of ILs are very low vapour pressures and high thermal stability, which represents an advantage over conventional volatile organic solvents, for example, in separation processes. ILs can be adapted for a number of different applications due to the vast number of cation/anion combinations.
ILs present a variable capacity to physically and chemically absorb CO 2 , depending on the type of cation/anion used, and, in general, do not show a large volume expansion compared with organic solvents [12] [13] [14] [15] [16] [17] . A relatively high CO 2 solubility in ILs is usually linked to strong interactions with the anion [18] , but it can also be increased by modifying the cation. This is possible by inducing specific interactions with the gas if chemical functionalities are added [16] or increasing the free volume of the molecule, as in the case of long aliphatic chains on phosphonium cations [13] . Solubility of CO 2 can also be enhanced by increasing the fluorination of the anion; for example, using the bis(trifluoromethylsulfonyl)imide ([Tf 2 N] − ) anion [19] .
Several works [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] have shown that CO 2 can 'salt-out' water and organic solvents from ILs, by inducing LLV equilibrium. Scurto et al. [19] mixed water with different hydrophobic and hydrophilic ILs, inducing a second liquid phase by increasing the pressure of the system and the concentration of CO 2 in the liquid mixture, obtaining LLV equilibrium. The same procedure was applied to separate different polar organic solvents from a variety of ILs, where merging of the second liquid phase into the supercritical CO 2 is also observed at even higher pressures, [25, 26, 28] . In all these systems, the phase split pressure, also called the cloud point, is highly dependent on the initial concentration of the organic compound in the IL and the temperature, while the merging point is only dependent on the temperature. In our recent work [27] , we screened four different hydrophobic ILs, using CO 2 to induce a phase split, effectively separating the toluene from the toluene/IL mixtures. The lowest cloud point pressure was at the lowest temperature and highest concentration of toluene in the initial mixture, which is the same behaviour observed when polar solvents were used.
The objective of this work is to present new solubility data of CO 2 in the thiolanium cationbased IL 1-n-butylthiolanium bis(trifluoromethylsulfonyl)imide ( 
Material and procedures (a) Materials
Toluene (CHROMASOLV Plus, for HPLC, purity ≥ 99.9%) purchased from Sigma-Aldrich and acetonitrile (HPLC grade, purity ≥ 99.8%) from EMD Millipore were used after being placed in molecular sieves. 1-Iodobutane (purity ≥ 99%) and thiolane (purity ≥ 99%) from Alfa Aesar, lithium bis(trifluoromethylsulfonyl)imide (Fluorad, purity ≥ 99.5%) from 3 M, and CO 2 (purity ≥ 99.99%) from Airgas were used as received.
[bthiol] [Tf 2 N] (purity > 99%), the structure of which is depicted in figure 1 , was synthesized in our laboratory using the following procedure. 1-Iodobutane (62.6 g, 340 mmol) was added to thiolane (30 g, 340 mmol) in acetonitrile. The mixture was refluxed for 36 h under an inert atmosphere. After reacting, the solution was mixed with ethyl acetate and 1-butylthiolanium iodide precipitated as a white solid. The product was washed three times with ethyl acetate and dried under vacuum. 1-Butylthiolanium iodide (50 g, 184 mmol) was dissolved in 250 ml of water and a solution of lithium bis(trifluoromethylsulfonyl)imide (58 g, 202 
(b) Equipment and procedures
A new synthetic with material balance apparatus was built to measure CO 2 solubility in liquids, based on a previous apparatus used in our laboratory [12, 13, 25, 27] . A scheme of the new experimental apparatus is shown in figure 2 . A syringe pump (ISCO 260D) is used as the closed thermoregulated CO 2 reservoir. The temperature in the pump is maintained at a constant value by passing water from a thermoregulatory circulator (Brookfield TC-602) through the jacket covering the cylinder-piston system. The sapphire cell (Saphikon Inc., maximum pressure 20 MPa, height 10 cm) containing the sample is connected to the lines and placed inside an incubator with mechanical convection (BINDER KB 53) to maintain a constant temperature during the experiment. This incubator has an internal transparent door that allows visual observation of the cell. The pressure of the lines and cell is recorded with a Heise transducer (0 to 20 ± 0.01 MPa, model 901A). Lines outside the incubator are heated with heating tape, their temperature is regulated with a variable autotransformer (Staco, model 3PN1010) and measured with T-type thermocouples (±1 K). The temperature inside the incubator is measured with another T-type thermocouple to make sure that its set point is correct. All the thermocouples are connected to a temperature meter (Omega, model DP462). The sample is stirred with a magnet which is moved vertically next to the cell to let the stir bar pass through the meniscus of the liquid phase. The stirring system is activated through a controller connected to a mixer head that moves a wire supporting the magnet. The height of the liquid phase is measured with a cathetometer (Titan Tool Supply Co. Inc., ±0.005 mm), so that one can obtain the volume of the liquid inside the cell from a volume versus height calibration. To more accurately observe the phase split condition in ternary mixtures, a boroscope camera is placed in front of the cell. This device is attached to a monitor where the liquid phase and the meniscus are examined for any changes.
The method to obtain isotherms of CO 2 solubility in the liquid phase is similar to that explained elsewhere [27] . The syringe pump is filled with CO 2 from a tank, isolated and then equilibrated at 333.15 K and 17.23 MPa. The syringe pump can be set to maintain constant volume or constant pressure. The cell, containing approximately 1 g of sample, is connected to the syringe pump through the lines inside the incubator and any air remaining in the cell headspace and lines is removed by flushing with a small amount of CO 2 from the syringe pump. The temperature of the incubator is set to the value needed for the experiment, i.e. 298.15 K or 313.15 K. All the lines are maintained at a temperature close to 333 K. When the system is stable, the initial volume of the liquid in the cell, the volume of the cylinder-piston, temperatures and pressures are registered. CO 2 is then added from the syringe pump, keeping the volume constant in the cylinder-piston system. After the required pressure in the cell side is reached, e.g. 1.5 MPa, the valve is closed and pump is set to recover the initial pressure by changing the volume of the cylinder-piston. After thermal equilibration (approx. 20 min), the final volume of the pump, the new height of the liquid in the cell, temperatures and pressures of the system are recorded. This process is systematically repeated until the maximum pressure is reached (approx. 8 MPa). At 298.15 K, the maximum pressure is approximately 6.2 MPa, which is the vapour pressure of CO 2 at this temperature. For measuring the solubility of CO 2 in IL + toluene mixtures, the initial binary liquid mixture is prepared gravimetrically, well mixed and then placed in the sapphire cell. The final pressure recorded for the ternary systems is when a liquid-liquid phase split is observed; this is when the liquid mixture becomes cloudy while stirring.
The mass balance to calculate the moles of CO 2 in the liquid phase (n 1 ) is obtained according to equation (2.1), where n pump is the moles of CO 2 transferred from the syringe pump to the cell; n lines and n headspace are the moles of CO 2 in the lines of the cell side and the headspace of the cell at the current pressure, respectively. Finally, n 0 lines and n 0 headspace are the same values at the initial conditions of pressure and temperature. Moles are calculated using the volume change of the cylinder-piston of the pump, the calibrated volume of the lines and the headspace volume, which is dependent on the liquid height. The density of CO 2 in each section is obtained from the Span-Wagner equation of state [34] .
The propagation of error of the CO 2 compositions in the binary and ternary systems is determined using a slightly modified version of the procedure described by Scurto [35] . The error associated with each composition is reported in the experimental data tables in the electronic supplementary material. The solubility of toluene in [bthiol] [Tf 2 N] sets the range of compositions that can be investigated in the ternary experiments. This solubility was measured by adding approximately 1.5 g of IL and 3.5 g of toluene to a customized jacketed glass cell. A stir bar was inserted into the cell and water from a thermoregulated circulator was passed through the jacket at the predefined temperature. A RTD platinum thermometer (VWR Traceable ) was placed in the top of the cell with an adapter to close the system and track the temperature of the liquid. The cell was stirred for 4 h and then left to stand overnight (approx. 12 h), at which point it had separated into two clear liquid phases, an IL-rich lower phase and a toluene-rich upper phase. The upper phase was analysed by 1 H NMR (Varian DirectDrive 600) and the lower phase was measured in a gas chromatograph (Agilent 7820A GC with 7693A Autoinjector) equipped with a flame ionization detector (FID) and a VF-1 ms capillary column (15 m length, 0.25 mm internal diameter, 0.25 µm film). A deactivated fused silica guard column and a liner with deactivated glass wool were used to avoid the deposition of IL in the main column. The temperature in the injector was 523.15 K, the oven was set at 353.15 K and the FID was maintained at 573.15 K. Approximately 0.3 g of sample from the lower phase was dissolved in approximately 0.5 g of acetonitrile, which was used as an internal standard. This mixture was prepared in three different vials and each one analysed in triplicate. The amount of toluene in the sample was calculated by comparing the toluene/acetonitrile ratio in the vial with a calibration curve. The mole fraction of the toluene in the lower phase and the experimental error are calculated as the average and standard deviation of all the measurements, respectively.
Thermodynamic modelling
In this work, COSMO-RS is combined with the SRK EoS in order to predict the solubility of 
taking into account the fugacity coefficients for CO 2 estimated by SRK-EoS.
COSMO-RS is a predictive method developed by Klamt and co-workers [36] [37] [38] to estimate the thermodynamic equilibria of fluids using a statistical thermodynamic approach based on the results of quantum chemical calculations. The core quantum chemical model of this method is COSMO, which is an efficient variant of dielectric continuum solvation methods. First, in COSMO calculations, a virtual conductor environment is assumed for the optimization of the solute molecules, which induce a polarization charge density σ on the interface between the molecule and the conductor, i.e. on the molecular surface. Subsequently, the polarization charge density from the COSMO calculation (also called the screening charge density), which is a good local descriptor of the molecular surface polarity, is used to extend the model towards 'real solvents' (COSMO-RS). To accomplish this, the screening charge density on the molecular surface is converted into a distribution function, the so-called σ -profile, which gives the relative amount of surface with polarity σ on the molecule. Then, the σ -profile is used to derive an expression for the ensemble-averaged Gibbs free energy of the system in the liquid phase in order to obtain a pseudo-chemical potential, μ, for each interacting molecule.
The pseudo-chemical potential (μ solution ) of a solute in an ideal mixture at temperature T containing a mole fraction of solute x can be expressed by equation (3.1), where μ self (T)is the chemical potential of the solute in its own liquid environment [39] :
This expression can be generalized to non-ideal mixture by means of the activity of the molecule (a) in the mixture defined in equation (3.2), where γ is the activity coefficient of the solute in the mixture:
When working with dilute solutions (x i → 0) the activity coefficient γ approaches a constant; hence, Henry's law for the gaseous solute in the solvent can be used to interpret the solubility of the molecule in the mixture, as discussed elsewhere [40] [41] [42] [43] [44] . However, for non-dilute systems, the solubility of the gaseous solute generally accounts for the partial pressure P(x, T) of the solute in the gas phase above the liquid mixture, as shown in equation (3.3), where Φ(P, T) is the fugacity coefficient and P vap (T) is the equilibrium vapour pressure of the solute [45] :
Φ(P, T)P(x, T) = xΦ(P vap , T)P vap (T)γ (x, T). (3.3)
COSMO-RS theory is based upon the assumptions of an incompressible liquid and an ideal gas phase. Therefore, equation (3.3) is only valid for systems at subcritical conditions and low pressures. In fact, direct COSMOtherm predictions of high-pressure systems show qualitative, as well as quantitative, deviations from the real high-pressure systems [46] . In addition, for the case of CO 2 , whose critical temperature is just above ambient, the quality of the predictions is expected to be lower, leading to consistent deviations from the real behaviour [47] . In order to overcome this limitation and achieve better predictions for high pressure systems, combining COSMO-RS with an EoS has been suggested [40, 48, 49] . In particular, the integration of COSMOtherm predictions and the SRK-EoS has proved to be a sensible methodology for estimating the behaviour of CO 2 at high pressures. In order to accomplish this, Maiti [45] proposed to define the chemical potential of the solute molecule in its gas phase, μ ig (T) as depicted in equation (3.4) , where Φ(P, T) is the fugacity coefficient of the gas and P 0 = 1 bar: Therefore, by combining equations (3.1) and (3.4), it is possible to express the pressure of the system P(x, T) as a function of the composition and the temperature (equation (3.5)), which depends on the solvent through the μ solution (x, T) but the other terms are inherent to the gas:
In order to solve equation (3.5), the chemical potentials of CO 2 in the solvents, μ solution (x, T), are computed for the whole range of concentrations at temperatures of 298 and 333 K using the standard COSMO-RS methodology. The code COSMOtherm (v. C3.0 Release 14.01) with the implicit parametrization (BP_TZVP_ C21_0108) was used to perform these calculations, following the procedure detailed in previous works [41] [42] [43] [44] 50] . Then, those chemical potentials, calculated for specified concentrations and temperatures, are used in equation (3.5) with the SRK-EoS for estimating the fugacity coefficients of CO 2 at each temperature and pressure, Φ(P, T), to determine
P(x, T).
The fugacity coefficients of CO 2 , Φ(P, T), are estimated using the SRK-EoS (equation (3.6)) for the specific case of CO 2 , where a = 0.42748R 2 T 5/2 c /P c and b = 0.08664 RT c /P c are parameters depending on the critical temperature, T c = 304.13 K, and pressure, P c = 7.375 MPa, and the Pitzer acentric factor, 0.228:
It is worth mentioning that when temperature approaches T c , the SRK-EoS becomes less accurate for pressures greater than P c . Therefore, considering that the temperature range under study is 298-313 K, the theoretical results are expected to show higher deviations as pressure increases up to 7 MPa. Finally, μ ig (T) is a semi-empirical fitting parameter which can be assumed to be solventindependent and P-independent, as described by equation (3.7) . The values of μ ig (T c ) = −4.43 kcal mol −1 and α = −0.02 kcal mol −1 K −1 have been suggested for the particular case of systems containing CO 2 in ILs at temperatures ranging between 293 and 333 K [45] . was observed in the toluene-rich phase in our work by NMR. In addition, using the compositions determined by gas chromatography for the lower phase along with the volume of the lower phase, the upper phase is estimated to be pure toluene [12] . The tendency for [bthiol] [Tf 2 N] is that commonly observed with ILs: a rapid growth in solubility at lower pressures until the CO 2 uptake is not significantly increased at higher pressures. IL normally is not detected in the gas phase even at extremely high pressure conditions [60] . The temperature effect on the solubility of CO 2 [12] , (diamond) Ren et al. [57] , (triangle) Raeissi et al. [58] , (cross) Yim & Lin [59] .
[ N] and toluene, respectively. At both temperatures, there is an overestimation of the solubility for the two compounds but the trend is qualitatively correct. COSMO-RS + SRK-EoS predicts a lower CO 2 solubility in toluene than in the IL, and an increasing solubility with pressure, but it overestimates the crossover pressure between the two compounds. As mentioned before, the COSMO-RS method assumptions (incompressible liquid and an ideal gas phase) mean that predictions should be made for systems at subcritical conditions and low pressures. However, by combining COSMO-RS and an EoS, the calculations can be extended to higher pressures. Nevertheless, it is necessary to take into account that SRKEoS becomes less accurate for pressures greater than P c when the temperature approaches T c . Therefore, as T c for CO 2 is 304 K and this study is performed at temperatures near T c (i.e. 298 K and 313 K), greater deviation between the predicted data and the experimental results can be expected as pressure increases up to 7 MPa. IL. At these conditions, there is a homogeneous single liquid phase. As reported in the liquidliquid equilibrium section, the mole fraction of the saturated toluene in the IL is about 0.75 at the two temperatures studied. Therefore, a minimum of 0.25 mole fraction of IL is needed to ensure a single liquid phase before CO 2 is added. The CO 2 solubility in liquids with different initial compositions of IL follows the same trend as seen with other CO 2 + toluene + IL systems; the lower solubility corresponds to a higher initial toluene composition and increases by adding more IL to the initial mixture. As seen in figure 6a ,b, the solubility gap between the two binary systems (CO 2 + toluene and CO 2 + IL) is small so the solubilities in the ternary systems are very similar. This condition is clearly observed at 313.15 K where the three ternary isotherms nearly fall on the same line.
COSMO-RS + SRK-EoS provides good qualitative predictions of the CO 2 solubilities in the toluene + IL mixtures. The three isotherms show almost the same CO 2 solubilities, which are between the CO 2 + toluene and CO 2 is what is observed experimentally. One of the drawbacks of the current implementation of the COSMO-RS + SRK-EoS method is that it does not predict the liquid-liquid phase split. Further studies on how to consider the effect of the phase split by predictive methods would be of great interest for the optimization of the operating conditions in recovering and recycling the ILs after the extraction. Phase split pressures are depicted in figure 7 as a function of the solubility of the CO 2 in the liquid phase in the ternary system at the cloud point. The highest initial toluene composition in the IL is the mixture with the lowest phase split condition upon the addition of CO 2 . Also, the CO 2 compositions at the phase split are similar at the two temperatures for the same initial liquid composition, which we have observed previously [27] . In the same prior study, the lowest phase split pressure was reached using [27] . This suggests a fine balance between choosing an IL that dissolves the toluene and can, for instance, easily extract it from an aromatic/aliphatic mixture, but whose interactions with the toluene are not so favourable that it requires high pressures and high solubilities of CO 2 to induce a liquid-liquid phase split that separates the toluene from the IL.
Conclusion
New solubility data are presented for the binary system CO The theoretical trends predicted by COSMO-RS + SRK-EoS are in reasonable agreement with the experimental observations, showing the suitability of the combined methodology to qualitatively predict the behaviour of CO 2 in mixtures composed of organic solvents and ILs up to near critical conditions. However, the current implementation of this method does not predict the liquid-liquid phase split. Funding. This study was supported by ND Energy.
